Polysorbate 80 is a synthetic nonionic surfactant used as an excipient in drug formulation. Various products formulated with polysorbate 80 are used in the oncology setting for chemotherapy, supportive care, or prevention, including docetaxel, epoetin/darbepoetin, and fosaprepitant. However, polysorbate 80, like some other surfactants, is not an inert compound and has been implicated in a number of systemic and injection-and infusion-site adverse events (ISAEs). The current formulation of intravenous fosaprepitant has been associated with an increased risk of hypersensitivity systemic reactions (HSRs). Factors that have been associated with an increased risk of fosaprepitant-related ISAEs include the site of administration (peripheral vs. central venous), coadministration of anthracycline-based chemotherapy, number of chemotherapy cycles or fosaprepitant doses, and concentration of fosaprepitant administered. Recently, two polysorbate 80-free agents have been approved: intravenous rolapitant, which is a neurokinin 1 (NK-1) receptor antagonist formulated with the synthetic surfactant polyoxyl 15 hydroxystearate, and intravenous HTX-019, which is a novel NK-1 receptor antagonist free of synthetic surfactants. Alternative formulations will obviate the polysorbate 80-associated ISAEs and HSRs and should improve overall management of chemotherapy-induced nausea and vomiting. Funding: Heron Therapeutics, Inc.
INTRODUCTION
Polysorbate 80, also known as Tween 80, is a synthetic nonionic surfactant commonly used in food, cosmetics, and drug formulations as a solubilizer, stabilizer, or emulsifier [1] [2] [3] . Polysorbate 20 and 60 (Tween 20 and 60) are also included in this family of surfactants [1, 4] . It has also been used to prevent protein adsorption and/or aggregation [2] . A wide range of pharmaceutical agents are available in formulations that contain polysorbate 80, including amiodarone [5] , vitamin K [6] , etoposide [3] , docetaxel [7] , various vaccines [8] , protein biotherapeutics [2] , erythropoietin-stimulating agents [9, 10] , and fosaprepitant [11] . Recent data have indicated that polysorbate 80 is a biologically and possibly pharmacologically active compound and consequently may alter the pharmacologic properties of the drug it is formulated with or may itself directly mediate adverse events [3, 12] . Consequently, polysorbate 80 has been implicated in some of the adverse reactions associated with drugs formulated with this vehicle.
This review covers the safety of polysorbate 80 in the oncology setting, focusing on polysorbate 80-associated adverse events that may have occurred with the use of docetaxel, darbepoetin alfa, epoetin alfa, and fosaprepitant.
This article is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.
OVERVIEW OF POLYSORBATE 80

Chemistry of Polysorbate 80
Polysorbate 80 is a synthetic surfactant composed of fatty acid esters of polyoxyethylene sorbitan [1, 2] . The fatty acid composition is primarily oleic acid, but other fatty acids, such as palmitic or linoleic acid, may be included (Fig. 1) . Therefore, polysorbate 80 is usually available as a chemically diverse mixture of different fatty acid esters with the oleic acid comprising [ 58% of the mix [1] . However, the main component of polysorbate 80 is polyoxyethylene-20-sorbitan monooleate, structurally similar to polyethylene glycols. Polysorbate 80 has a molecular weight of 1309.7 Da and a density of 1.064 g/ml [3] .
Polysorbate 80 has both hydrophobic and hydrophilic moieties [1, 2] . The hydrophobic moieties drive an interaction with the air-water interface or a solid-water interface, such as that found in vials, syringes, and other glass and plastic containers [2] . The hydrophobic moieties of polysorbate 80 also result in the formation of micelles at concentrations above the critical micelle concentration of 0.01% (weight/ volume) in protein-free aqueous solution [3] . This formation of micelles may play a critical role in the mechanism of action of polysorbate 80. Enzyme-linked immunosorbent assays have shown that polysorbate 80 could activate the complement system, a multiprotein immune mechanism. Activating the complement system may lead to phagocytosis, stimulation, and recruitment of white blood cells, or perforation of plasma membranes, possibly leading to immunologic side effects such as acute hypersensitivity and systemic immune reactions [13] . This possibility has been tested in a zebrafish model, where oxidized fatty acid residues in polysorbate 80 samples caused anaphylactoid reactions at the highest tested concentrations [14] . Polysorbate 80 substituted for human serum albumin in an epoetin alfa preparation in Europe is thought to have played a role in the Fig. 1 Chemical structure of the primary constituents of polysorbate 80 (Republished from ten Tije et al. [3] with permission; copyrightÓ 2003 Springer Nature, New York, NY, USA) development of neutralizing antibodies and pure red blood cell aplasia [15] . However, it is not yet known which specific parts of the chemical structure of polysorbate 80 are responsible for adverse events such as systemic and administration-site reactions.
Aqueous solutions of polysorbate 80, as well as the undiluted liquid, undergo auto-oxidation over time, with changes being catalyzed by light, increased temperature, and copper sulfate [16] . Auto-oxidation leads to the formation of a variety of hydroperoxides, peroxides, and carbonyl compounds that may readily degrade proteins [16] . During the initial stages of propagation, the peroxide formation is usually faster than its decomposition; eventually, the rates of formation and decomposition equalize, and then decomposition occurs faster than formation [16] . Parameters such as surface tension and cloud point properties may be used to establish degradation in the hydrophilic chains [16] .
Pharmacokinetic Properties of Polysorbate 80
In both animal [17] and clinical studies [18, 19] , polysorbate 80 is rapidly removed from systemic circulation. The polysorbate 80 plasma concentration-time curve (AUC) in a patient administered an intravenous (IV) infusion of docetaxel 35 mg/m 2 (polysorbate 80 1.75 g) showed a polysorbate 80 peak concentration of 304 lg/ml [18] . The AUC for polysorbate 80 was 321.7 mg h/ml, with a short disposition half-life of 1.07 h and a total plasma clearance of 5.44 l/h. The volume of distribution of polysorbate 80 at steady state was similar to the total blood volume (4.16 l), suggesting that polysorbate 80 circulates as large micelles and does not significantly distribute outside the central compartment [18] . In vitro studies suggest that polysorbate 80 is metabolized by rapid carboxylesterase-mediated hydrolysis [17] .
Polysorbate 80 may potentially have an effect on the distribution and elimination of some IV-administered drugs with which it has been formulated ( Table 1) [20] [21] [22] [23] [24] [25] . This effect may lead to increased systemic exposure and decreased clearance of the drug [3] . For example, polysorbate 80 may influence the binding of docetaxel in a concentration-dependent manner [25] . A potential explanation of this effect may be that polysorbate 80 forms micellar complexes with proteins, so that the binding of docetaxel becomes saturated on single sites and the fraction of unbound drug increases [3, 25] . An alternative explanation is that the metabolism of polysorbate 80 and the subsequent displacement of oleic acid-mediated proteinbinding sites may cause an increase in the fraction of unbound drug [3] .
Pharmacodynamic Properties of Polysorbate 80
Polysorbate 80 has demonstrated several pharmacodynamic properties, including altering membrane fluidity and increasing membrane permeability [26] . An in vitro study indicated that polysorbate 80 potentiated the effect of antibiotics in resistant cell lines, which was In animal studies, polysorbate 80 has been associated with a profound and sustained decrease in blood pressure, which may be attributable to the negative inotropic properties of polysorbate 80 [33] . In clinical studies, amiodarone formulations devoid of polysorbate 80 and benzyl alcohol had a substantially reduced risk of hypotension [5] .
Polysorbate 80 and Adverse Events
Polysorbate 80 has been associated with a number of adverse events. In food, small concentrations of undigested polysorbate 80 may enhance bacterial translocation across intestinal epithelia, a potential explanation for an observed increase in the incidence of Crohn's disease [34] . In drug formulations, polysorbate 80 has been implicated in a number of systemic reactions (e.g., hypersensitivity, nonallergic anaphylaxis, rash) and injection-and infusionsite adverse events (ISAEs; e.g., pain, erythema, thrombophlebitis) [3, [35] [36] [37] . Polysorbate 80 has also been implicated in cases of renal and liver toxicity [38] [39] [40] .
POLYSORBATE 80 IN THE ONCOLOGY SETTING
Various chemotherapeutic, supportive care, and preventative agents used in the oncology setting utilize polysorbate 80 in their formulations, including docetaxel (Taxotere Ò , Sanofi-Aventis US LLC), the biologicals epoetin alfa (Epogen Ò , Amgen Inc.; Procrit Ò , Amgen Inc.) and darbepoetin alfa (Aranesp Ò , Amgen Inc.), and the antiemetic fosaprepitant IV (Emend Ò IV, Merck, Sharp & Dohme). Certain adverse events (both systemic and ISAE) occur with these drugs, in which polysorbate 80 may be implicated. There are some challenges in evaluating the literature on this topic, as attribution of adverse events to polysorbate 80 is confounded by its administration with the pharmacologically active agent and by the heterogeneity of reporting of these adverse events in clinical trials. However, there is evidence to implicate polysorbate 80 in systemic and administration-site reactions.
Docetaxel
Docetaxel is a taxane that inhibits cell replication by stabilizing the microtubule cytoskeleton [7, 41] . To solubilize this agent for clinical use, it has been formulated using polysorbate 80. An injection concentrate (20 mg/ml) comprises 20 mg of docetaxel in 1 ml at a 50/50 (V/V) ratio of polysorbate 80/dehydrated alcohol. Currently, docetaxel is indicated for the treatment of several cancers, including locally advanced or metastatic breast cancer, locally advanced or metastatic non-small cell lung cancer, hormone-refractory prostate cancer, gastric adenocarcinoma, and squamous cell carcinoma of the head and neck [7] .
Docetaxel has been associated with a number of ISAEs and systemic reactions [7, 42, 43] , including hypersensitivity [3, 7] , fluid retention [3, 7] , cutaneous reactions [7, 44] , gastrointestinal adverse events [7] , and peripheral neuropathy [3, 7] . In clinical trials in patients with cancer, the incidence of ISAEs has been reported to be 3-4% [7] .
The presence of polysorbate 80 in the IV formulation of docetaxel has been implicated in hypersensitivity systemic reactions (HSRs) that were observed in the early clinical studies [3, 45] . In those studies, the incidence of HSRs ranged from 5% to 40%, with most events being grade 2 in severity on the four-point scale of the National Cancer Institute common toxicity criteria [3] . Severe HSRs or, very rarely, fatal anaphylaxis have been reported in patients treated with docetaxel [7] . Polysorbate 80 and the oleic acid released by its metabolism have been implicated in the HSRs seen with docetaxel therapy [46] . Consequently, patients treated with the conventional formulation of docetaxel are premedicated with oral corticosteroids [7] .
Developments in formulating docetaxel IV without polysorbate 80 include dendrimer (Dep) docetaxel [47, 48] and nanosomal docetaxel lipid suspension [22, 49] . In one study, the diminished potential for HSRs with the novel nanosomal docetaxel lipid suspension, compared with the conventional docetaxel formulation, reduced the requirement for premedication with corticosteroids [50] . [9] is formulated with polysorbate 80, instead of human serum albumin, to avoid potential contamination by human immunodeficiency virus and Creutzfeldt-Jakob disease-causing prions [51] . These ESAs are indicated for the treatment of anemia and to reduce transfusion requirements in patients receiving myelosuppressive chemotherapy for cancer [9, 10, 52] . They act by stimulating erythropoiesis by the same mechanism as endogenous erythropoietin.
Adverse events associated with darbepoetin alfa in patients with cancer include abdominal pain, edema, and thrombovascular events [10] . HSRs, including cases of rash, anaphylactic reactions, and angioneurotic edema, have been reported with epoetin alfa [9] . In particular, the inclusion of polysorbate 80 in one epoetin alfa formulation has been associated with antibodymediated pure red cell aplasia (PRCA) in patients with chronic kidney disease [51] .
Aprepitant is a selective, high-affinity antagonist of human substance P/neurokinin 1 (NK-1) receptors that was first developed for oral administration [53, 54] . Aprepitant was approved in 2003 for the prevention of nausea and vomiting associated with emetogenic cancer chemotherapy [53] . Subsequently, an IV prodrug formulation (fosaprepitant; Emend IV) was approved in 2008; this formulation includes polysorbate 80 [11] . Because NK-1 antagonists target another important neurotransmitter/receptor involved in the emetogenic pathway, they complement 5-hydroxytryptamine type 3 (5-HT 3 ) receptor antagonists and enhance control of chemotherapy-induced nausea and vomiting [55, 56] .
Most adverse events associated with fosaprepitant are mild to moderate in severity [57] [58] [59] [60] [61] [62] [63] [64] . The most common adverse reactions (C 2%) reported with fosaprepitant include fatigue, diarrhea, neutropenia, asthenia, anemia, peripheral neuropathy, leukopenia, dyspepsia, urinary tract infection, and pain in the extremities [11] . No fosaprepitant-associated deaths have been reported in prospective studies.
However, HSRs and ISAEs have been associated with fosaprepitant infusion, and in recent updates, labeling for fosaprepitant was changed to include a warning regarding its potential association with HSRs during or shortly after infusion, including anaphylaxis and anaphylactic shock. Symptoms such as flushing, erythema, dyspnea, hypotension, and syncope have also been reported. ISAEs such as thrombophlebitis, necrosis, and vasculitis were reported with anthracycline-based chemotherapy administration [11] .
Several ISAEs have been associated with the use of fosaprepitant, including infusion-site pain, erythema, swelling, venous hardening or induration, and phlebitis or thrombophlebitis. Because of heterogeneity in reporting, wide ranges of ISAE incidences have been published (Table 2 ) [57] [58] [59] [60] [61] [62] [63] [64] . For example, fosaprepitant, compared with aprepitant, was associated with an overall ISAE incidence of 2.2% vs. 0.4%, respectively, of patients in a phase III trial [57] . Most of the ISAEs were mild to moderate, with 0.2% of fosaprepitant recipients reporting severe infusion-site pain and 0.8% reporting thrombophlebitis [57] . In another phase III trial, the incidence of ISAEs was 24% in those [60] [61] [62] [63] [64] . The reported incidence of ISAEs ranged from 28% to 96% with fosaprepitant, with pain being the most frequently reported ISAE. The reasons proposed for the higher incidence of ISAEs in the retrospective trials, compared with the prospective trials, include the increased number of fosaprepitant injections associated with additional rounds of chemotherapy [60, 61, 63] , increased concentration of fosaprepitant used in each dose [63] , increased speed of delivery of each dose [63] , and use of peripheral venous access rather than central venous access [60] [61] [62] [63] [64] . Interestingly, changing the administration route of fosaprepitant from peripheral injection to central venous injection reduced the risk of developing ISAEs [61] [62] [63] .
The use of anthracycline, compared with non-anthracycline, chemotherapy regimens also appears to be implicated in the increased incidence of ISAEs; patients receiving anthracycline-based chemotherapy have higher ISAE incidences than those receiving platinum-based chemotherapy [60] [61] [62] [63] [64] . In one retrospective trial, in which 42% of fosaprepitant recipients experienced ISAEs [64] , those ISAEs appeared to be confined to patients treated with an anthracycline-based chemotherapy regimen [odds ratio (OR) 12.95; 95% CI 5.74-29.20; p \ 0.001] and were not associated with a cisplatin-based chemotherapy regimen (OR 0.78; 95% CI 0.20-3.05; p = 0.717). Similarly, another retrospective study reported fosaprepitant-associated ISAE incidences of 34% in anthracycline plus cyclophosphamide-treated patients compared with 8% in platinum-treated patients [60] . A recent retrospective review of ISAEs and HSRs associated with fosaprepitant in patients receiving anthracycline plus cyclophosphamide-based chemotherapy via peripheral IV line identified ISAEs and/or HSRs in 28% of patient charts reviewed [65] .
The mechanism of vascular damage associated with fosaprepitant has not been precisely determined, but polysorbate 80 may be implicated. Polysorbate 80 has been associated with increased membrane permeability [26] , and its combination with anthracyclines, which are also associated with an increase in vascular damage [66] , may compound the effect [64] . Consequently, fosaprepitant injections through veins already damaged by anthracycline, or vice versa, may result in a greater frequency of ISAEs or skin induration [64] .
Changes in Practice at Specific Institutions
Following the inclusion of fosaprepitant in the Mayo Clinic (Rochester, MN, USA) practice guidelines for highly emetogenic chemotherapy in January 2011, chemotherapy nurses began to (Fig. 2a) [60] . A retrospective electronic medical records review of anthracycline-treated patients revealed a higher ISAE incidence with fosaprepitant vs. oral aprepitant (35% vs. 2%) [62] . Consequently, in 2015, the Mayo Clinic guidelines were changed back to recommend the use of oral aprepitant in patients receiving anthracycline-based regimens, with oral aprepitant becoming routinely used from that time forward (Fig. 2b) .
A retrospective study of patient medical records was also conducted at the James Cancer Center (Columbus, OH, USA) [67] , including patients who received fosaprepitant infusion via a peripheral line. The study included 150 patients who received 333 doses of fosaprepitant and a median of 2 fosaprepitant doses (range 1-7). ISAEs were reported in 15% of patients, with 50 reactions occurring in 43 unique patients. These ISAEs were grade 2 or less in severity and resolved within a few minutes to a few hours in most patients, although in 24% of patients ISAEs had a median duration of 14 days. Multivariate analyses per event identified increased age, location of the IV line (hand vs. forearm or antecubital fossa), and IV infusion rate \ 100 ml/h as risk factors for ISAEs. Management strategies that had been used to treat these ISAEs included placement of new IV lines and warming the affected area for 15-20 min at least four times each day for the first 24-48 h. Management strategies that were used to prevent future ISAEs included switching to oral aprepitant, switching to a different antiemetic regimen, prolonging the duration of fosaprepitant infusion, diluting fosaprepitant to 0.6 mg/ml for the next infusion, and placement of implanted ports. Because of the high incidence of ISAEs identified, the distress caused to patients, and the dissatisfaction with this issue reported by nursing staff, this institution changed its antiemetic protocol. Fosaprepitant was diluted in 250 ml rather than 150 ml of 0.9% sodium chloride base solution and was administered over 30 min rather than 20 min for all patients. Physicians were encouraged to use oral aprepitant or a different antiemetic regimen for patients who were to receive fosaprepitant via a peripheral line or who had experienced ISAEs with previous fosaprepitant infusion [67] .
FUTURE DIRECTIONS
Polysorbate 80 is not a physiologically inert compound and may account for the increased risk of systemic adverse events and ISAEs associated with its use in drug formulations [3, 12] . Safety issues associated with polysorbate 80 have led to formulation changes for docetaxel within the oncology setting [22, [47] [48] [49] .
In particular, fosaprepitant, which includes polysorbate 80 in its formulation, has been associated with an increased risk of HSRs and other systemic reactions including anaphylaxis; most recently, anaphylactic shock has been added per the 2017 label update. The update also includes symptoms such as hypotension and syncope [11] , as well as increased ISAEs, compared with oral aprepitant. Factors that have been linked to the increased risk of fosaprepitant ISAEs include the site of administration (peripheral vs. central venous), coadministration of anthracycline-based chemotherapy, number of chemotherapy cycles or fosaprepitant doses, and concentration of the fosaprepitant administered.
There is a need for an IV formulation of an NK-1 receptor antagonist that does not use polysorbate 80 as a vehicle and that has a lower risk of HSRs and ISAEs. HTX-019 (Cinvanti Ò , Heron Therapeutics) is a novel formulation of the NK-1 receptor antagonist aprepitant, which is free of polysorbate 80 and other synthetic surfactants. HTX-019 was approved in November 2017 [68] for use in combination with other antiemetic agents to prevent chemotherapy-induced acute and delayed nausea and vomiting b Fig. 2 Authorship. All authors meet the International Committee of Medical Journal Editors (ICMJE) criteria for authorship for this manuscript, take responsibility for the integrity of the work as a whole, and have given final approval to the version to be published.
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